] i ) and depleting Ca 2ϩ stores. To maintain normal cell function during sustained receptor activation, the ER store must be replenished from the vast supply of extracellular Ca 2ϩ . In nonexcitable cells, reduction of ER Ca 2ϩ levels triggers capacitative Ca 2ϩ influx across the plasma membrane via store-operated channels (2). In excitable neuronal and endocrine cells, activation of Ca 2ϩ -mobilizing receptors frequently is associated with an increase in action potential (AP)-driven Ca 2ϩ entry through voltage-gated Ca 2ϩ channels (3). In pituitary lactotrophs, for example, spontaneous AP firing is transiently abolished by activation of Ca 2ϩ -mobilizing receptors, followed by a sustained increase in firing frequency and enhanced voltage-gated Ca 2ϩ influx (4). However, the manner in which store depletion by Ca 2ϩ -mobilizing receptors triggers an increase in membrane excitability has not been determined. In addition, excitable cells express Ca 2ϩ -controlled potassium channels (I K-Ca ) that hyperpolarize the cell and abolish AP firing and Ca 2ϩ spiking (5). Because the sustained rise in [Ca 2ϩ ] i release should activate these channels, it is not clear how stimulation of Ca 2ϩ -mobilizing receptors overcomes the I K-Ca -mediated attenuation of excitability to facilitate voltagegated Ca 2ϩ influx.
Agonist-induced activation of Ca 2ϩ -mobilizing receptors and the subsequent release of Ca 2ϩ from the endoplasmic reticulum (ER) regulate the function of many excitable and nonexcitable cell types (1) . The inositol 1,4,5-trisphosphate generated by receptor activation opens Ca 2ϩ -permeable channels in the ER membrane and releases sequestered Ca 2ϩ , thereby increasing cytosolic Ca 2ϩ concentration ([Ca 2ϩ ] i ) and depleting Ca 2ϩ stores. To maintain normal cell function during sustained receptor activation, the ER store must be replenished from the vast supply of extracellular Ca 2ϩ . In nonexcitable cells, reduction of ER Ca 2ϩ levels triggers capacitative Ca 2ϩ influx across the plasma membrane via store-operated channels (2) . In excitable neuronal and endocrine cells, activation of Ca 2ϩ -mobilizing receptors frequently is associated with an increase in action potential (AP)-driven Ca 2ϩ entry through voltage-gated Ca 2ϩ channels (3) . In pituitary lactotrophs, for example, spontaneous AP firing is transiently abolished by activation of Ca 2ϩ -mobilizing receptors, followed by a sustained increase in firing frequency and enhanced voltage-gated Ca 2ϩ influx (4) . However, the manner in which store depletion by Ca 2ϩ -mobilizing receptors triggers an increase in membrane excitability has not been determined. In addition, excitable cells express Ca 2ϩ -controlled potassium channels (I K-Ca ) that hyperpolarize the cell and abolish AP firing and Ca 2ϩ spiking (5) . Because the sustained rise in [Ca 2ϩ ] i release should activate these channels, it is not clear how stimulation of Ca 2ϩ -mobilizing receptors overcomes the I K-Ca -mediated attenuation of excitability to facilitate voltagegated Ca 2ϩ influx.
In this study, the effects of receptor-and non-receptormediated store depletion on membrane excitability were examined in immortalized hypothalamic GT1-7 neurons (GT1 cells). In addition to gonadotropin-releasing hormone (GnRH) receptors, these well differentiated neuronal cells express a variety of plasma-membrane channels that endow them with the ability to fire spontaneous APs and generate Ca 2ϩ transients (6, 7) . These include tetrodotoxin-sensitive Na ϩ channels, low-voltage-activated Ca 2ϩ channels, dihydropyridine-sensitive Ca 2ϩ channels, ␥-aminobutyric acid type A channels, inward-rectifying K ϩ channels (K ir ), several types of outward K ϩ channels, and the BK subtype of I K-Ca channels (8) (9) (10) . Activation of Ca 2ϩ -mobilizing GnRH receptors in these cells causes a biphasic rise in [Ca 2ϩ ] i (7, 11) , with a sustained plateau response that coincides with an increase in spike frequency (7) . Here we show that GT1 cells also express apamin-sensitive I K-Ca channels (SK channels) that are activated by increased Ca 2ϩ release from GnRH-sensitive ER Ca 2ϩ pools. These SK channels, rather than BK channels, influence membrane excitability in agonist-stimulated GT1 neurons. In addition, depletion of the ER Ca 2ϩ pool by receptor-or non-receptor-mediated pathways stimulates a Ca 2ϩ -permeable depolarizing channel that overcomes SK channel activation to increase membrane excitability and [Ca 2ϩ ] i . Thus, store depletion activates both hyperpolarizing SK channels and depolarizing Ca 2ϩ -conducting channels that act in synchrony to control membrane potential (V m ) and replenish the ER Ca 2ϩ stores after activation of Ca 2ϩ -mobilizing receptors.
MATERIALS AND METHODS
Chemicals. Stock solutions of apamin, charybdotoxin (Research Biochemicals, Natick, MA), and GnRH (Peptides In-
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Cell Culture. All experiments were performed on the GT1-7 subtype of immortalized GnRH neurons (GT1 cells), cultured as described previously (11) . Morphological differentiation was optimized by culturing the cells in medium containing B-27 serum-free supplement (GIBCO) for 3-5 days before experimental recordings.
125 I-Labeled Apamin Binding. Binding studies were performed on intact GT1 cells at 22°C in medium 199 with 25 mM Hepes, pH 7.4. The cells were washed twice with binding medium and then incubated for 90 min with 10 pM 125 I-labeled apamin (Amersham) and increasing concentrations of unlabeled apamin. After incubation to equilibrium the cells were washed three times with ice-cold PBS͞0.1% BSA, solubilized in 1 M NaOH containing 0.1% SDS, and analyzed for bound radioactivity in a ␥-spectrometer.
Simultaneous Measurement of [Ca 2؉ ] i and Membrane Current or V m . GT1 cells were cultured on coverslips and incubated for 30 min at 37°C in phenol red-free medium 199 containing Hanks' salts͞20 mM sodium bicarbonate͞20 mM Hepes͞0.5 M indo-1 acetoxymethyl ester (Molecular Probes). The cells then were washed twice with recording solution containing 120 mM NaCl͞4.7 mM KCl͞2.6 mM CaCl 2 ͞2 mM MgCl 2 ͞0.7 mM MgSO 4 ͞10 mM Hepes͞10 mM glucose (pH adjusted to 7.4 with NaOH) and mounted on the stage of an inverted epifluorescence Nikon microscope. A photon-counter system (Nikon) was used to simultaneously measure the intensity of light emitted at 405 nm and 480 nm after excitation at 340 nm, with correction for background intensity at each emission wavelength. Perforated-patch, current-clamp, and voltage-clamp recordings were performed with an Axopatch 200 B patch-clamp amplifier (Axon Instruments) as described previously (12) . Patch pipette tips (3-5 M⍀) were immersed briefly in a solution containing 70 mM KCl͞70 mM potassium aspartate͞1 mM MgCl 2 ͞10 mM Hepes (pH adjusted to 7.2 with KOH) and then back-filled with the same solution containing amphotericin B (240 g͞ml). Before seal formation, liquid junction potentials were canceled. An average series resistance of 19 Ϯ 1 M⍀ (n ϭ 130) was reached after G⍀ seal (seal resistance Ͼ 5 G⍀) formation. The data were digitized at 4 kHz by using a PC equipped with the PCLAMP 7 software package in conjunction with a Digidata 1200 A͞D converter (Axon Instruments). [Ca 2ϩ ] i was calibrated in vivo according to Kao (13) , resulting in values for R min , R max , S f,480 ͞S b,480 , and K d of 0.4719, 3.634, 3.187, and 230 nM, respectively. All V m values were corrected for a liquid junction potential error of 10 mV (14) . The bath contained Ͻ500 l of saline and was perfused continuously at a rate of 2 ml͞min by using a gravity-driven superfusion system. In some experiments, CaCl 2 was omitted from the recording medium to give nominally Ca ] i was clamped at Ϸ20 nM by including EGTA in the pipette solution, and V m was monitored by conventional whole-cell recordings in the current-clamp mode (Fig. 1C, ref. 15 ). The bath contained normal recording solution and the pipette contained 70 mM KCl͞70 mM potassium aspartate͞1 mM MgCl 2 ͞10 mM Hepes͞10 mM EGTA͞0.3 mM Tris-GTP͞4 mM Mg-ATP͞14 mM phosphocreatine͞50 units/ml creatine phosphokinase (pH adjusted to 7.2 with KOH). An average series resistance of 11 Ϯ 1 M⍀ (n ϭ 5) was reached after G⍀ seal (seal resistance Ͼ10 G⍀) formation, and current-clamp recordings were acquired as described above.
RESULTS AND DISCUSSION
Store Depletion and V m Excitability. Most GT1 cells exhibited spontaneous firing of APs from a baseline potential (maximum level of hyperpolarization observed; Fig. 1A Upper, dashed line) of -66 Ϯ 1 mV (n ϭ 48). Application of 100 nM GnRH induced transient hyperpolarization (mean duration ϭ 14.5 Ϯ 1.9 sec; n ϭ 10) to Ϫ84 Ϯ 2 mV (n ϭ 10) and suppression of AP spiking ( Fig. 1 A Upper) . This was followed by a sustained depolarization of 9 Ϯ 1 mV (n ϭ 10, P Ͻ 0.05) above the baseline potential and a concomitant increase in AP frequency from 0.6 Ϯ 0.1 Hz to 1.5 Ϯ 0.2 Hz (P Ͻ 0.05; n ϭ 10). The membrane-depolarization phase and the increase in AP frequency were sustained for as long as GnRH was present. The actions of GnRH on V m were mirrored by a biphasic increase in [Ca 2ϩ ] i , with an initial spike and a sustained plateau phase ( Fig. 1 A Lower) . 0.5 Ϯ 0.1 M (n ϭ 10) and coincided with the sustained depolarization and increased spike frequency (Fig. 1 A) . The GnRH-induced spike phase also was present in cells bathed in Ca 2ϩ -deficient medium, indicating that it is a result of Ca 2ϩ release from ER Ca 2ϩ stores. In contrast, the plateau phase is critically dependent on Ca 2ϩ influx through voltagegated and voltage-independent Ca 2ϩ entry (7, 11) . The degree of store depletion after GnRH receptor activation was examined by measuring the amplitude of the peak [Ca 2ϩ ] i response to 1 M ionomycin added 5 min after treatment with 100 nM GnRH or its vehicle in cells bathed in Ca 2ϩ -deficient medium. In GnRH-stimulated cells, the [Ca 2ϩ ] i response to ionomycin was markedly reduced compared with control groups (ionomycin-induced increase in [Ca 2ϩ ] i expressed as a percentage of the prestimulus [Ca 2ϩ ] i ; control ϭ 436 Ϯ 17% vs. 100 nM GnRH-treated ϭ 117 Ϯ 3%; P Ͻ 0.05; n ϭ 10).
The influence of ER Ca 2ϩ store depletion on membrane excitability in the absence of receptor stimulation was examined by using thapsigargin (TG), an inhibitor of ER(Ca 2ϩ )ATPase (16 ] i response to TG was highly variable, ranging from 250 nM to 1.5 M above basal levels (Figs. 1B, 3C, and 6 ). Such TG-induced rises in [Ca 2ϩ ] i were accompanied by a hyperpolarizing shift in the baseline potential (Fig. 1B) , the magnitude of which depended on the [Ca 2ϩ ] i level. As with GnRH treatment, depletion of the ER Ca 2ϩ store by TG increased spike frequency during sustained exposure (Fig. 1B ). These findings demonstrate that store depletion by receptor-and non-receptor-mediated mechanisms modulates membrane excitability of GT1 cells.
To determine whether the changes in membrane excitability were a result of an increase in [Ca 2ϩ ] i , conventional whole-cell recording techniques were used to clamp [Ca 2ϩ ] i around 20 nM (see Materials and Methods). Under these conditions, GnRH did not hyperpolarize the cell, but did induce a sustained depolarization and increase in spike frequency ( Fig. 1C ; n ϭ 5). These results indicate that the transient hyperpolarization is dependent on the rise in [Ca 2ϩ ] i because of store depletion, whereas the sustained depolarization and facilitation of firing are independent of [Ca 2ϩ ] i . Store Depletion and I K-Ca Activation. In neuronal and endocrine cells, Ca 2ϩ release from the ER activates I K-Ca channels to modulate membrane excitability (5) . Depending on the pattern of Ca 2ϩ release, activation of I K-Ca channels generates transient or oscillatory membrane hyperpolarizations (17) (18) (19) . In GT1 cells, the [Ca 2ϩ ] i sensitivity of the GnRH-induced transient hyperpolarization (Fig. 1C) suggests the involvement of I K-Ca during store depletion. Consistent with this, GnRH activated a transient current with a reversal potential of -87 mV ( Fig. 2A) , which is the calculated K ϩ equilibrium potential in these experiments. From a holding potential of Ϫ60 mV, which is near the baseline V m , the GnRH-induced outward current reached a peak amplitude of 40.0 Ϯ 6.2 pA in 3.7 Ϯ 1.3 sec (n ϭ 8). The BK-type I K-Ca channel antagonist, charybdotoxin (5 nM; ref. 10), had no effect on the GnRH-induced membrane hyperpolarization (control ϭ Ϫ84 Ϯ 2 mV, n ϭ 10, vs. charybdotoxin ϭ Ϫ79 Ϯ 5 mV; P Ͼ 0.05; n ϭ 3). In contrast, the SK-type I K-Ca channel antagonist, apamin (100 nM), abolished the GnRH-induced hyperpolarization ( Fig. 2B ; n ϭ 8) and outward current ( Fig.  2C; n ϭ 20) , indicating the involvement of SK channels.
Using a whole-cell conductance of 1.8 nS, calculated from the slope of the curve in Fig. 2 A, influx during AP firing has been demonstrated to activate I K-Ca channels in many excitable cells (1) . In GT1 cells, charybdotoxin (5 nM) did not alter the spontaneous firing pattern (before charybdotoxin, 1.37 Ϯ 0.47 Hz vs. during charybdotoxin treatment, 1.21 Ϯ 0.44 Hz, P Ͼ 0.05, n ϭ 6). Similarly, 100 nM apamin had no effect on AP frequency or duration (Fig. 3A, n ϭ 8) . This is consistent with ] i of 166 Ϯ 27 nM (n ϭ 21) in unstimulated GT1 cells, a concentration that is insufficient to activate I K-Ca channels (21, 24) . In contrast, application of 100 nM apamin during sustained GnRH stimulation increased spike frequency (Fig. 3B ) and duration (measured at one-half amplitude; GnRH ϭ 10.3 Ϯ 0.4 msec vs. GnRH ϩ apamin ϭ 15.6 Ϯ 1.8 msec, P Ͻ 0.05, n ϭ 3). Addition of apamin to TG-treated cells also increased spike frequency (Fig. 3C ).
These results demonstrate that apamin-sensitive I K-Ca channels are expressed in GT1 cells but do not participate in the control of spontaneous firing. However, the levels of [Ca 2ϩ ] i reached during store depletion by GnRH and TG are sufficient to activate these SK-type channels during acute and prolonged stimulation. Such activation of SK channels during sustained GnRH stimulation does not abolish the agonist-induced depolarization and increase in spike frequency. The [Ca 2ϩ ] i sensitivity of SK channels in GT1 neurons is in accord with observations in adrenal chromaffin cells (24) and skeletal muscle cells (21) . Conversely, BK channels require [Ca 2ϩ ] i levels more than 10 M for their activation at the baseline potential (21) , a concentration that is not reached in GnRHstimulated GT1 cells.
Store Depletion-Activated Depolarizing Current. Agonistinduced sustained depolarization of cells and increased spiking frequency is observed in many excitable cells (3) . However, the mechanism(s) underlying increased spike frequency and the impact of I K-Ca channels have not been clarified. Our finding that GnRH causes cell depolarization and increased firing frequency despite the activation of SK channels indicates that GnRH modulates other current(s) that promote cell depolarization. Accordingly, the GnRH-stimulated transient outward current was followed by a sustained inward current (Fig. 2C  Left) that was insensitive to apamin (Fig. 2C Right) .
The GnRH-induced inward current observed from holding potentials more depolarized than E k may reflect inhibition of a K ϩ channel that contributes to control of the interpulse interval or activation of an inward current. Within the K ϩ channel superfamily, K ir channels participate in the regulation of pacemaker activity (5) . These channels are expressed in GT1 neurons (8) and are abolished by 5 mM Cs ϩ (Fig. 4A) . In current-clamp experiments, abolition of K ir led to membrane depolarization (Fig. 4B Upper, dashed line) and a concomitant increase in spike frequency and [Ca 2ϩ ] i (Table 1; Fig. 4B ). Although this indicates that K ir channels are potential targets for agonist-induced modulation of membrane excitability, 100 nM GnRH did not alter the K ir current-voltage (I-V) relation (Fig. 4C) . Moreover, in the presence of 5 mM Cs ϩ , GnRH still induced membrane depolarization and increased firing frequency (Table 1) , as in control cells (Fig. 1 A vs. Fig. 4D ). These results suggest that K ir channels participate in the control of pacemaker activity in spontaneously active GT1 cells, but do not mediate the actions of GnRH on membrane excitability.
Activation of Ca 2ϩ -mobilizing receptors in rat sympathetic neurons inhibits M currents because of the increase in [Ca 2ϩ ] i (25) . Suppression of such currents in GT1 neurons would induce membrane depolarization and may account for the GnRH-induced depolarization and increase in spike frequency. Such inhibition of M current has been proposed to account for the thyrotropin-releasing hormone-induced increase in firing frequency in pituitary lactotrophs (4) . Also, GnRH inhibits M current in bullfrog sympathetic neurons (5) and superior cervical ganglion neurons transiently expressing human GnRH receptors (26) . However, although our results do not exclude an action of GnRH on this current, two lines of evidence argue against its role in agonist-induced depolarization of GT1 neurons. First, GnRH increased the firing frequency of cells clamped at 20 nM Ca 2ϩ (Fig. 1B) . Because Ca 2ϩ is responsible for the coupling of Ca 2ϩ -mobilizing receptors and M channels (25) , it is unlikely that their inhibition would account for the sustained depolarization and increase in firing frequency.
Second, the characteristics of the GnRH-induced inward current are not compatible with the inhibition of K ϩ channels. In GT1 cells held at Ϫ60 mV and in the presence of 1 M nifedipine͞50 M Ni 2ϩ ͞100 nM apamin (to block voltagegated calcium channels and SK channels), GnRH still induced a sustained inward current (Fig. 5A ). This current activated slowly, reaching a peak amplitude of Ϫ9.2 Ϯ 1.8 pA in 33.1 Ϯ 6.7 sec (n ϭ 8). Transient perfusion with Ca 2ϩ -deficient medium reversibly attenuated the inward current and abolished the [Ca 2ϩ ] i plateau response. In cells held at -85 mV, near the E k under these recording conditions, 100 nM GnRH also activated an inward current and caused a sustained plateau [Ca 2ϩ ] i response (n ϭ 5; Fig. 5B ). As in cells held at -60 mV, both the GnRH-induced plateau [Ca 2ϩ ] i response and the inward current in cells held at -85 mV were abolished in Ca 2ϩ -deficient medium (Fig. 5B) . The ability of GnRH to induce an inward current at the E k indicates further that its actions are not mediated by inhibition of a K ϩ channel. Moreover, the Ca 2ϩ sensitivity of both the current and plateau [Ca 2ϩ ] i responses at -60 and -85 mV indicates that the GnRH-induced inward current is a result of activation of a Ca 2ϩ -permeable channel. Depletion of the ER Ca 2ϩ store by the inhibition of (Ca 2ϩ )ATPase also increases membrane excitability (Fig. 1B) . Like GnRH, 5 M TG activated a sustained inward current in cells held at -60 mV with a peak amplitude of 7.8 Ϯ 1.5 pA, n ϭ 4 (Fig. 6A) Thus, both receptor-and non-receptor-mediated store depletion activate a Ca 2ϩ -permeable, inward current that increases membrane excitability. The profile of this current, its voltage independence and dependence on extracellular Ca 2ϩ , and its role in sustained Ca 2ϩ influx are comparable to those observed in nonexcitable and some excitable cells stimulated by Ca 2ϩ -mobilizing agonists or inositol 1,4,5-trisphosphate (27) (28) (29) (30) .
Conclusions. These results indicate that store depletion by GnRH and TG modifies the pattern of spontaneous firing because of activation of two currents: SK outward current and a Ca 2ϩ -conducting and voltage-insensitive inward current. Whereas the rise in [Ca 2ϩ ] i to the submicromolar or lowmicromolar levels signals for activation of SK current, store depletion activates inward current in a [Ca 2ϩ ] i -independent manner. The nature of SK channels, their [Ca 2ϩ ] i -sensitivity, and their role in electrical activity of GT1 cells are similar to those observed in other excitable cells (19) (20) (21) (22) (23) (24) . On the other hand, the store depletion-activated inward current resembles that observed in nonexcitable cells (27) (28) (29) (30) influx by depolarizing the cell. Such dual actions of this current may provide a common mechanism for the integration of voltagegated Ca 2ϩ influx into inositol 1,4,5-trisphosphate-controlled Ca 2ϩ mobilization in excitable cells.
